In mammalian cells, the second messenger (2 0 -5 0 ,3 0 -5 0 ) cyclic guanosine monophosphate-adenosine monophosphate (2 0 ,3 0 -cGAMP), is produced by the cytosolic DNA sensor cGAMP synthase (cGAS), and subsequently bound by the stimulator of interferon genes (STING) to trigger interferon response. Thus, the cGAS-cGAMP-STING pathway plays a critical role in pathogen detection, as well as pathophysiological conditions including cancer and autoimmune disorders. However, studying and targeting this immune signaling pathway has been challenging due to the absence of tools for high-throughput analysis. We have engineered an RNA-based fluorescent biosensor that responds to 2 0 ,3 0 -cGAMP. The resulting ''mix-and-go'' cGAS activity assay shows excellent statistical reliability as a high-throughput screening (HTS) assay and distinguishes between direct and indirect cGAS inhibitors. Furthermore, the biosensor enables quantitation of 2 0 ,3 0 -cGAMP in mammalian cell lysates. We envision this biosensorbased assay as a resource to study the cGAScGAMP-STING pathway in the context of infectious diseases, cancer immunotherapy, and autoimmune diseases.
SUMMARY
In mammalian cells, the second messenger (2 0 -5 0 ,3 0 -5 0 ) cyclic guanosine monophosphate-adenosine monophosphate (2 0 ,3 0 -cGAMP), is produced by the cytosolic DNA sensor cGAMP synthase (cGAS), and subsequently bound by the stimulator of interferon genes (STING) to trigger interferon response. Thus, the cGAS-cGAMP-STING pathway plays a critical role in pathogen detection, as well as pathophysiological conditions including cancer and autoimmune disorders. However, studying and targeting this immune signaling pathway has been challenging due to the absence of tools for high-throughput analysis. We have engineered an RNA-based fluorescent biosensor that responds to 2 0 ,3 0 -cGAMP. The resulting ''mix-and-go'' cGAS activity assay shows excellent statistical reliability as a high-throughput screening (HTS) assay and distinguishes between direct and indirect cGAS inhibitors. Furthermore, the biosensor enables quantitation of 2 0 ,3 0 -cGAMP in mammalian cell lysates. We envision this biosensorbased assay as a resource to study the cGAScGAMP-STING pathway in the context of infectious diseases, cancer immunotherapy, and autoimmune diseases.
INTRODUCTION
The mammalian innate immune system uses pattern recognition receptors (PRRs) to sense extracellular or intracellular pathogens by recognizing pathogen-associated molecular patterns to trigger the proper immune response. Nucleic acid sensors are one important class of PRRs that recognize foreign DNA or RNA upon microbial infection and other pathophysiological conditions. The cGAS/stimulator of interferon genes (STING) pathway was recently discovered to be an important cytosolic immune surveillance pathway (Ishikawa and Barber, 2008; Sun et al., 2013) . cGAS is a universal DNA sensor that is activated upon binding to cytosolic DNA to produce the signaling molecule (2 0 -5 0 ,3 0 -5 0 ) cyclic guanosine monophosphate (GMP)-AMP (Ablasser et al., 2013; Diner et al., 2013; Gao et al., 2013b) . Acting as a second messenger during microbial infection, 2 0 ,3 0 -cGAMP binds and activates STING, leading to production of type I interferon (IFN) and other co-stimulatory molecules that trigger the immune response (Ahn et al., 2014; Gao et al., 2013a; Hansen et al., 2014; Watson et al., 2015) . STING also has been shown to recognize bacterial-derived cyclic dinucleotides and elicit the type I IFN response (Barker et al., 2013; Burdette et al., 2011) . Natural variants in human STING have differential specificity in recognizing cyclic dinucleotides. While human R232 STING protein (and the mouse R231 counterpart) can be stimulated by 2 0 ,3 0 -cGAMP, bacterial 3 0 ,3 0 -cGAMP and bacterial c-di-GMP (Gao et al., 2013a) , human H232 STING is only responsive to 2 0 ,3 0 -cGAMP (Diner et al., 2013; Gao et al., 2013a; Zhang et al., 2013) .
Besides its role in infectious disease, the cGAS/STING pathway has emerged as a promising new target for cancer immunotherapy and autoimmune diseases (Ahn et al., 2015; Baird et al., 2016; Corrales and Gajewski, 2015; Corrales et al., 2015; Curran et al., 2015; Demaria et al., 2015; Deng et al., 2014; Woo et al., 2014 Woo et al., , 2015b . DNA fragments present in the tumor microenvironment are proposed to activate cGAS in dendritic cells (DC), followed by IFN-induced DC maturation and activation of a potent and beneficial immune response against cancer cells (Woo et al., 2015a) . In a separate context, dysregulation of the cGAS/STING pathway has been implicated in self-DNA-triggered inflammatory and autoimmune disorders, such as systemic lupus erythematosus and Aicardi-Goutieres syndrome (Ahn et al., 2012 (Ahn et al., , 2014 Gao et al., 2015) .
With increasing evidence that the cGAS/STING pathway is involved in immune responses to microbial pathogens and cancer cells, and may play a role in autoimmune disorders, it is critical to explore its regulation and activation status. However, deconvoluting the role of the cGAS/STING pathway in immune responses is made difficult by the presence of multiple surveillance pathways that trigger the same IFN signal downstream. For example, one of the most commonly used and sensitive methods to detect activation of the cGAS/STING pathway is a luciferase reporter fused to an IFN-b promoter (Diner et al., 2013) . However, other DNA sensors (e.g., TLR9), RNA sensors (e.g., RIG, MDA5), and immune modulators also activate expression of this reporter as all of them activate downstream IFN production (Shrivastav and Niewold, 2013) . In addition, the assay requires transfection of the reporter DNA, and this foreign DNA can activate cGAS and other DNA-sensing pathways, which can mask the underlying physiology. Thus, it would be advantageous to have a direct method of detecting and quantifying 2 0 ,3 0 -cGAMP rather than downstream signals, for diagnostic purposes and for clearly distinguishing cGAS/STING from other nucleic acid-sensing pathways, to determine its contribution to the overall immune response and expand our understanding of its regulation.
Furthermore, a detection method for 2 0 ,3 0 -cGAMP that is adaptable to a high-throughput screening (HTS) format is desirable for biomedical applications, as efforts are underway to develop small-molecule modulators of the cGAS/STING pathway for cancer immunotherapy and vaccine development. While current efforts have focused on targeting STING with natural and unnatural cyclic dinucleotides and the small-molecule DMXAA (Baird et al., 2016; Chandra et al., 2014; Corrales et al., 2015; Demaria et al., 2015; Deng et al., 2014; Downey et al., 2014; Kobayashi et al., 2015; Nakamura et al., 2015; Zhang et al., 2015) , cGAS may be an advantageous drug target because activating the enzyme can produce an amplified signal relative to the STING receptor small-molecule interaction. cGAS also may be an attractive target for small-molecule inhibition in the case of autoimmune diseases.
Unfortunately, current in vitro methods to detect 2 0 ,3 0 -cGAMP have specific limitations to their utility. Thin-layer chromatography (TLC) assays utilizing radioactive nucleotide substrates to detect 2 0 ,3 0 -cGAMP produced by cGAS in vitro cannot be used to quantify endogenous 2 0 ,3 0 -cGAMP levels inside the cell or in cell lysates. Liquid chromatography-mass spectrometry (LC-MS) has been used to detect cyclic dinucleotides in bacterial cell extracts (Burhenne and Kaever, 2013; Waters, 2010) and mammalian cell extracts . Importantly, however, neither of these methods is readily adapted to HTS formats nor offers the potential for live cell imaging.
Both fundamental and applied studies of the cGAS/STING immune signaling pathway would greatly benefit from a direct and high-throughput method to assay cGAS activity. However, the natural protein receptor for 2 0 ,3 0 -cGAMP, STING, is poorly suited for engineering a fluorescent biosensor, because it functions as a homodimer and its structure precludes facile connection of the protein chains or circular permutation. Overexpression of STING-based constructs in vivo also may activate downstream responses, which would be an undesired physiological effect. To our knowledge, no other receptors for 2 0 ,3 0 -cGAMP have been reported.
Here we describe the development of fluorescent biosensors that exhibit a turn-on response to 2 0 ,3 0 -cGAMP. We designed the biosensors by making rational mutations to natural riboswitch aptamers of the GEMM-II class that recognize the related molecule 3 0 ,3 0 -cyclic di-GMP (c-di-GMP) (Lee et al., 2010) . Using one of these 2 0 ,3 0 -cGAMP biosensors, we showed direct detection of cGAS enzymatic activity by a fluorescence readout in a 384-well format, by fluorescence-based detection of overexpressed cGAS activity in bacterial lysates by a plate reader and in live bacteria by flow cytometry, and by fluorescencebased quantitation of endogenous cGAS activity in DNA-stimulated lysates from the L929 mammalian cell line. Our in vitro enzymatic assays showed that nucleic acid intercalators can indirectly inhibit cGAS activity. Finally, analysis of mammalian cell lysates revealed that 60 attomoles, or 36 million molecules, of 2 0 ,3 0 -cGAMP are produced on average per cell upon DNA stimulation in the L929 cell line.
RESULTS
Engineering a Fluorescent Biosensor to Sense 2 0 ,3 0 -cGAMP Previously, our laboratory developed RNA-based fluorescent biosensors selective for c-di-GMP or 3 0 ,3 0 -cGAMP based on natural GEMM-I riboswitches (Kellenberger et al., 2013 . However, these biosensors did not respond at all to 2 0 ,3 0 -cGAMP, even though some of the parent riboswitch aptamers exhibited very high specificity and affinity to 3 0 ,3 0 -cGAMP Ren et al., 2015) . X-ray crystal structures of ligand-bound GEMM-I riboswitches showed extensive interactions with the 2 0 -hydroxyls and phosphodiester oxygens of c-di-GMP or 3 0 ,3 0 -cGAMP (Figures S1A and S1B) (Ren et al., 2015; Shanahan et al., 2011; Smith et al., 2011) . These interactions would be disrupted by the 2 0 -5 0 linkage present in 2 0 ,3 0 -cGAMP.
We instead reasoned that the GEMM-II riboswitch scaffold may be more amenable for engineering a 2 0 ,3 0 -cGAMP biosensor ( Figure 1A ). The canonical ligand for this riboswitch class is c-di-GMP; however, X-ray crystal structures showed that there are few canonical Watson-Crick or Hoogsteen pairing interactions between ligand nucleobases and the riboswitch, and few hydrogen bonds between the ligand backbone and the riboswitch ( Figures S1A and S1B ). This suggests that GEMM-II may have some flexibility in base recognition. Furthermore, the GEMM-II riboswitch aptamer from Clostridium acetobutylicum has been reported to accept c-di-GMP analogs with modifications to the ribose and phosphates Smith et al., 2011) , which was promising for tolerating changes to the backbone linkage.
Four characterized GEMM-II riboswitches (Lee et al., 2010; Smith et al., 2011) were picked to design 16 biosensor candidates with varied-length transducer stems derived from the natural riboswitch P1 stems (Table S1 ). These biosensors were initially screened for fluorescence turn-on and binding affinity to c-di-GMP, the canonical ligand ( Figure S1C ), then the four most-promising biosensors were further profiled for response to c-di-GMP, 3 0 ,3 0 -cGAMP, and 2 0 ,3 0 -cGAMP ( Figure S1D ). One of the candidates that incorporated a GEMM-II riboswitch from Bacillus halodurans C-125, Bh P1-5 delC, exhibited a fluorescence response to micromolar concentrations of 2 0 ,3 0 -cGAMP. The name indicates that the riboswitch portion of the biosensor is fused to the Spinach2 aptamer via a five-basepaired P1 stem with deletion of a single C present in the natural stem bulge ( Figure 1A ).
While Bh P1-5 delC showed good affinity for 2 0 ,3 0 -cGAMP (apparent dissociation constant, K D = 13.4 ± 0.9 mM) at 37 C, 3 mM Mg 2+ ( Figure 1B ), the related Bh P1-6 showed lower background fluorescence and higher activation (5-fold) with c-di-GMP ( Figures S1C and S1D) , which allowed us to analyze the effect of mutations on ligand selectivity. Two positions in the riboswitch binding pocket that make direct contacts with the ligand nucleobases were mutagenized and the fluorescence response to 2 0 ,3 0 -cGAMP was examined ( Figures 1C and 1D ). Whereas mutations to A99, the position that recognizes G a of c-di-GMP, did not improve the response to 2 0 ,3 0 -cGAMP, we observed fluorescence activation by 2 0 ,3 0 -cGAMP with G103A, which mutates the position that recognizes G b of c-di-GMP.
The effect of the G103A mutation can be rationalized as establishing a hydrogen bond with the A base of 3 0 ,3 0 -cGAMP or 2 0 ,3 0 -cGAMP, and disfavoring interaction with the G base of c-di-GMP. Accordingly, we found that the cyclic dinucleotide selectivity profile for the Bh P1-6 G103A biosensor was switched relative to wild-type Bh P1-6 (Table S2 ). The binding affinity to 3 0 ,3 0 -cGAMP was increased by more than 10-fold (K D from >11 to 0.8 mM), whereas the binding affinity to c-di-GMP was reduced by more than 125-fold (K D from 56 nM to >7 mM). Furthermore, improved binding extended to 2 0 ,3 0 -cGAMP, such that 200 nM Bh P1-6 G103A showed 5-fold fluorescence activation in response to 20 mM ligand, whereas the wild-type biosensor had shown no response (Figures 1B and S1).
We had expected that the same G103A mutation could be applied to the Bh P1-5 delC biosensor but, disappointingly, it resulted in complete loss of biosensor function ( Figure S1E ). High fluorescence was observed even in the absence of the ligand, which implies that this single-nucleotide substitution, in conjunction with deleting one nucleotide in the stem bulge, favors formation of a stable transducer stem in the absence of the ligand. Nevertheless, by combining rational design and structure-based mutagenesis, we have developed two fluorescent biosensors capable of detecting 2 0 ,3 0 -cGAMP at micromolar concentrations. A detailed comparison of their binding affinities and fluorescent turn-on properties is given in Table S2 . Similar to STING, the native protein receptor for 2 0 ,3 0 -cGAMP, the biosensors also respond to the bacterial second messengers c-di-GMP and 3 0 ,3 0 -cGAMP, but otherwise exhibit high selectivity against other metabolites such as ATP and GTP ( Figure 2A ). Importantly, whereas STING is a homodimeric protein that is not readily adaptable as a fluorescent biosensor, we have generated a first-generation fluorescent biosensor for 2 0 ,3 0 -cGAMP based on the GEMM-II riboswitch scaffold.
Assaying cGAS Activity In Vitro Using a Fluorescent Biosensor
Currently, the established method to assay cGAS activity in vitro is via TLC analysis of radiolabeled nucleotides ( Figure S2A ) (Diner et al., 2013). Although it is accurate and highly sensitive, this method uses radioactive materials, which poses increased safety concerns and hampers adaptation as a HTS assay. These issues could be overcome by using fluorescent biosensors to assay cGAS enzyme activity.
We analyzed the enzymatic activity of the DNA sensor cGAS using the Bh P1-6 G103A biosensor, which has lower background fluorescence and higher turn-on. Upon binding to DNA, cGAS is activated to catalyze the 2 0 -5 0 phosphodiester bond formation between GTP and ATP, followed by cyclization to form the 3 0 -5 0 bond (Ablasser et al., 2013) . As expected, the biosensor gives a strong fluorescence signal only when all components of the reaction are present to enable robust production of 2 0 ,3 0 -cGAMP ( Figure 2A ). Besides carrying out assays in a standard mix-and-go format, in which the enzyme reactions are performed separately from the biosensor detection reactions, we also showed that the biosensor can be employed for direct in situ detection, e.g., the biosensor functions in the enzymatic reaction buffer ( Figure 2B ).
Minor fluorescence increases were also detected in control reactions without DNA or without ATP. The former was due to incomplete removal of DNA during purification of cGAS enzyme, resulting in the observed basal activation. The latter could be caused by the formation of either pppGp(2 0 -5 0 )G or 2 0 ,3 0 -c-di-GMP, which have been previously reported as minor products in the absence of ATP (Ablasser et al., 2013) . We did not test biosensor response to these side products because of the difficulty in obtaining sufficient amounts for binding measurements; however, the signal-to-background ratio is still quite good even when comparing the enzyme reactions with and without ATP (4.23).
Due to the involvement of the cGAS/STING pathway in multiple pathophysiological conditions, a high-throughput screen for its modulators is highly desirable. Since the biosensor-based fluorescent assay can be performed in a 384-well plate and analyzed in a fluorescent plate reader, it is readily adapted to HTS for activators or inhibitors of cGAS. With a 1.5 mM concentration of cGAS, we determined a Z 0 factor of 0.83 and a signal-to-background ratio of 8.23 for the assay in this format, where a Z 0 factor >0.5 is considered to be an assay with excellent statistical reliability for HTS ( Figure 2C ) (Zhang et al., 1999) . To screen for high-affinity inhibitor or activator compounds, the assay would need to be performed with nanomolar concentrations of enzyme. We obtained a Z 0 factor of 0.51 and a signalto-background ratio of 4.53 using the RNA biosensor, 300 nM enzyme, and manual pipetting of all reagents in 384-well format ( Figure 2C ). Thus, we expect that the current fluorescent biosensor enables HTS assays for moderate affinity (e.g., 300-500 nM dissociation constant) compounds that affect cGAS activity.
Revealing a Limitation of the Biosensor Assay and an Alternative Mechanism of Small-Molecule Inhibition of cGAS Quinacrine, a well-characterized anti-malarial drug, has been reported to inhibit cGAS activity, with a half maximal inhibitory concentration IC 50 value of 13 mM measured by the radiolabeled TLC assay . We attempted to demonstrate inhibitor characterization using our fluorescent biosensor assay (Figure S2B ), but a control experiment revealed that the decrease in fluorescence signal was independent of enzyme activity (Figure 3A) . Quinacrine is a known DNA intercalator (Boer et al., 2009 ) and we reasoned that it may disrupt biosensor function by intercalating into the RNA helices (Sinha et al., 2007) . This appeared to be the case, as we showed that quinacrine also decreased fluorescence of the dye-binding Spinach2 aptamer ( Figure 3A) . This observation reveals an inherent limitation of RNA-based biosensors, which is that intercalating compounds may yield false-positive fluorescent changes. However, RNAbased biosensors have been successfully used to characterize inhibitors that specifically target proteins, including methyltransferases (Su et al., 2016) and RNA demethylases (Svensen and Jaffrey, 2016) .
By the same logic, we realized that quinacrine likely inhibits cGAS activity indirectly by interfering with DNA binding. Previous studies inferred that quinacrine intercalation would lengthen the B-form DNA helix based on circular dichroism measurements, but otherwise would not grossly alter conformation (Hossain et al., 2008) . To support our hypothesis about mechanism of action, we tested other DNA intercalators for effects on cGAS activity. The radiolabeled TLC assay was employed to avoid possible complications in data interpretation from compounds interacting with the RNA biosensor. Quinacrine and ethidium bromide have similar DNA binding modes (LePecq and Paoletti, 1967) , and both fully inhibited cGAS activity at 100 mM concentration. Actinomycin D, which binds to single-stranded and double-stranded DNA, showed partial inhibition at that concentration, whereas methylene blue, which intercalates in a completely different orientation than quinacrine (Hossain et al., 2008) , had no effect ( Figure 3B ). These results provide strong evidence that nucleic acid intercalators are a class of small-molecule compounds capable of inhibiting cGAS. Our results and those from the original study with quinacrine do not distinguish whether inhibition is via a direct or indirect mechanism, but we favor the latter, e.g., that these compounds intercalate and shift the DNA helix conformation sufficiently to reduce binding to cGAS enzyme. We can easily analyze the enzyme-independent effect of compounds on fluorescence of the RNA-based biosensors in control reactions, which allows us to identify compounds in the screen that likely interact with the DNA instead of the enzyme directly, a potential source for false-positive hits. Overall, our analysis of the limitation of the capacity of our RNA-based biosensor to characterize cGAS inhibition by intercalating compounds led to an important finding on alternate mechanisms of cGAS inhibition by small molecules, and revealed the advantage of using the RNA biosensor to distinguish nucleic acid intercalators from direct cGAS inhibitors.
Quantitating 2
0 ,3 0 -cGAMP in Lysates of DNA-Stimulated Mammalian Cells A critical aim is to detect cGAS activation in mammalian cells. Based on our positive results in detecting cGAS overexpression in bacteria ( Figure S3 ), we considered applying the fluorescent biosensor to detect cellular cGAMP levels in mammalian cell lysates. 2 0 ,3 0 -cGAMP is produced by cGAS+ mammalian cells as part of a cytosolic immune surveillance pathway for foreign DNA, which could be caused by viral or bacterial infection and, alternatively, by leakage of damaged nuclear or mtDNA (Gao et al., 2013a; Hansen et al., 2014; Li et al., 2016; Ma and Damania, 2016; Watson et al., 2015; White et al., 2014; Woo et al., 2015a) . A standard method to simulate these conditions is to transfect cells with double-stranded DNA; however, it has not been straightforward to directly measure the levels of 2 0 ,3 0 -cGAMP produced. Besides MS, which is a low-throughput method, the main method to study this pathway involves an IFN-b reporter assay, which is highly sensitive but has drawbacks in that it requires prior transfection of the reporter DNA and is not specific to the cGAS-STING pathway, other immune signaling also stimulates IFN production and activates the promoter controlling reporter expression.
We evaluated the ability of the fluorescent biosensor to detect 2 0 ,3 0 -cGAMP produced upon DNA stimulation of cGAS+ L929 cells . In comparison, we also analyzed mock-transfected L929 cells that express functional cGAS, and HEK293T cells that are cGAS null under identical conditions. In vitro measurements were performed by adding aliquots of cell lysate to the fluorescent biosensor reaction in a 96-well plate reader ( Figure 4A ). Fluorescence activation was observed for DNA-stimulated over mock-stimulated L929 cells, with an increasing turn-on signal upon addition of 1-5 mL of concentrated cell lysate (3 3 10 5 cells per mL of concentrated cell extract) ( Figure 4B ). In contrast, no significant fluorescence change between DNA-stimulated and mock-stimulated cells was observed for HEK293T cells (Figure 4C) . Thus, we showed that our first-generation biosensor has sufficient sensitivity to detect endogenous 2 0 ,3 0 -cGAMP produced in response to DNA activation of the cGAS enzyme in human cell lysates. Interestingly, we observed a higher background fluorescence signal for mock-stimulated L929 cells than for HEK293T cells. We checked whether there was basal 2 0 ,3 0 -cGAMP in mockstimulated L929 cells that were activating the fluorescent biosensor. Background fluorescence for the mock-stimulated sample did not change upon treatment with active snake venom phosphodiesterase (SVPD), which degrades 2 0 ,3 0 -cGAMP (Diner et al., 2013) ( Figures 4D and S4) . In contrast, active SVPD did reduce the fluorescence signal of DNA-stimulated L929 cell lysates to the same levels as mock-stimulated samples. Therefore, we concluded that the observed difference in background fluorescence was due to distinct levels of auto-fluorescence between the cell types and includes contributions to background fluorescence from the presence of the dye DFHBI and the RNA biosensor ( Figure S4) .
Finally, using our fluorescent biosensor we were able to determine the absolute concentration of 2 0 ,3 0 -cGAMP produced upon DNA stimulation in L929 cells. Mock-stimulated L929 cell lysate was doped with known concentrations of 2 0 ,3 0 -cGAMP and the corresponding biosensor fluorescence signals were measured to obtain a standard curve with a lower limit of detection of 0.95 mM ( Figure 4E ). The fluorescence signal from L929 cells stimulated with DNA for 5 hr was compared with the standard curve, and showed that there was a concentration of 1.5 mM for 2 0 ,3 0 -cGAMP in L929 cell lysate. Assuming 100% extraction efficiency, it was calculated that DNA stimulation by transfection resulted in 60 attomoles of 2 0 ,3 0 -cGAMP produced on average per L929 cell, or 36 million molecules of 2 0 ,3 0 -cGAMP per cell ( Figure 4E , see Supplemental Experimental Procedures for detailed calculations).
DISCUSSION
Even though no natural riboswitches for 2 0 ,3 0 -cGAMP have been discovered, we were able to engineer RNA-based fluorescent biosensors for 2 0 ,3 0 -cGAMP by employing structure-based rational design. Ligand-bound riboswitch structures informed the initial choice of the GEMM-II scaffold and mutations to the ligand binding pocket. A modest screen of different phylogenetic and stem variants was guided by empirical design rules for functional biosensors that start with use of the natural P1 stem Wang et al., 2016) . Our results in this study again demonstrate that riboswitch-based biosensors can be reprogrammed to recognize other ligands via point mutations, although not necessarily with full selectivity (Kellenberger et al., 2013; Ren et al., 2015; Wu et al., 2015) . The broader implication is that natural riboswitch-ligand pairs can serve as advanced starting points for the engineering of biosensors for related ligands not recognized by known riboswitches. In one case, this actually led to the rational discovery of natural riboswitches .
Our biosensors exhibit fluorescence turn-on activity in direct response to 2 0 ,3 0 -cGAMP and thus are readily adapted for HTS assays of cGAS enzyme activity and inhibition. Given the emerging clinical relevance of the cGAS/STING innate immune signaling pathway for infectious diseases, cancer immunotherapy, and DNA-triggered autoimmune disorders, a fluorescent plate reader screen for small-molecule modulators of cGAS activity is a timely and valuable resource for the academic and industrial research community. We evaluated the Z 0 factor for the assay, which showed that high signal-to-background ratios gave statistically reliable results. The ability to use DFHBI analogs with different fluorescent emission wavelengths (Song et al., 2014) may be further beneficial to avoid false-positive hits. We also showed that our assay provides a straightforward way to distinguish between compounds that target cGAS enzyme versus those that interact with the activating ligand, double-stranded DNA.
Our finding that intercalating compounds affect cGAS activation reveals that the mechanism of small-molecule inhibition of cGAS enzyme should be carefully examined. In addition, since DNA intercalators are used as anti-cancer drugs (Wheate et al., 2007) , it potentially raises interesting questions about the activation status of cGAS during drug treatment. There also are broader implications for the design of synthetically modified double-stranded nucleic acids for therapeutic or basic research purposes. In particular, we expect that backbone modifications that favor B-form-like helical conformations may cause the nucleic acid agent to bind and activate cGAS, thus triggering the IFN response. This adds to the existing body of knowledge about the length and sequence requirements for cGAS activation (Gao et al., 2013b; Herzner et al., 2015; Li et al., 2013) , and further implies that some synthetic modifications may be better at eluding cGAS surveillance and thus the cytosolic immune response. Our assay provides a rapid, non-radioactive, and low material cost method to screen nucleic acid agents for such activity.
Finally, we have employed a fluorescent biosensor to quantitate the levels of 2 0 ,3 0 -cGAMP in L929 cell lysates, which previously had been shown to be cGAS+ via LC-MS analysis , but not in a quantitative manner. Very recently, an LC-MS/MS method has been developed for quantitation of 2 0 ,3 0 -cGAMP (Paijo et al., 2016) . The amount of 2 0 ,3 0 -cGAMP produced upon human cytomegalovirus infection was measured in the range of 0.1-0.3 attomoles, or 60,000-180,000 molecules, on average per cell, depending on the cell type (Paijo et al., 2016) . As expected, we have found that transfection of DNA leads to a much stronger response, as we measured 60 attomoles of 2 0 ,3 0 -cGAMP on average per cell at an earlier time point (6 hr post-transfection versus 24 hr post-infection). Based on the standard curve in L929 lysates, the current lower limit of detection of our fluorescent biosensor is $1 mM or 40 attomoles per cell. Thus, improving biosensor sensitivity by 133-to 400-fold would provide a high-throughput method to analyze viralinduced 2 0 ,3 0 -cGAMP levels in the future. Perhaps more excitingly, this analysis suggests that second-generation fluorescent biosensors with the requisite higher sensitivity, e.g., binding affinities in the 2.5-7.5 nM range, would be useful for singlecell analysis of 2 0 ,3 0 -cGAMP production upon virus infection. In addition, biosensors with improved sensitivity would enable high-throughput biochemical and/or cell-based assays for high-affinity compounds that modulate cGAS activity. We recently described a phylogenetic search strategy for generating high-affinity and high turn-on RNA-based biosensors, which resulted in a biosensor capable of detecting subnanomolar levels of cyclic di-GMP (Wang et al., 2016) . Work on applying this methodology to the 2 0 ,3 0 -cGAMP sensor is ongoing in the laboratory. Much in the way that antibody-based assays are indispensable for analysis of kinase signaling, fluorescent biosensor-based assays will be a valuable resource for the analysis of cyclic dinucleotide signaling. Measuring 2 0 ,3 0 -cGAMP levels is important for investigating the basic biology of the cGAS-STING signaling pathway and its mechanistic contribution to innate immune responses. A recent study showed that, in a viral infection model, cGAS and STING expression levels do not necessarily correlate with 2 0 ,3 0 -cGAMP production, and furthermore that 2 0 ,3 0 -cGAMP levels do not necessarily correlate with IFN production (Paijo et al., 2016) . These findings underscore the importance of measuring cGAS enzyme activity, rather than using its expression level or induction of IFN as proxies. In the context of cancer immunology, it has been suggested that tumor-derived DNA activates cGAS activity in host immune cells (Woo et al., 2015b) , but direct proof of this hypothesis is still lacking. Addressing these and other pressing questions about cGAS activity will be facilitated by a high-throughput fluorescent plate reader assay capable of quantitating 2 0 ,3 0 -cGAMP levels directly from lysates of different mammalian cell types. We also demonstrate use of the biosensor for both biochemical and cell-based analysis of cGAS activity, which provides two different HTS methods to identify chemical compounds or novel protein factors that affect cGAS activity.
SIGNIFICANCE
To our knowledge, this study demonstrates the first fluorescent plate reader assay for detection of 2 0 ,3 0 -cGAMP, a signaling molecule central to the cGAS/STING innate immune pathway that has emerged as a promising new target for cancer immunotherapy and therapy of autoimmune diseases. The assay relies on a riboswitch-based fluorescent biosensor that was generated by structure-based rational design. Several intercalating compounds were found to affect cGAS activity, which has broader implications for related anti-cancer agents and the design of synthetically modified double-stranded nucleic acids for therapeutic or basic research purposes. Finally, as proof of principle, we demonstrated quantitation of 2 0 ,3 0 -cGAMP from DNA-stimulated cell lysates using the fluorescent biosensor.
EXPERIMENTAL PROCEDURES
Reagents and Oligonucleotides DNA oligonucleotides for biosensor constructs were purchased as Ultramers from Integrated DNA Technologies and other DNA oligonucleotides were purchased from Elim Biopharmaceuticals. DFHBI and DFHBI-1T were either purchased from Lucerna or were synthesized following previously described protocols (Song et al., 2014) and were stored as 10-30 mM stocks in DMSO. c-di-GMP, 3 0 ,3 0 -cGAMP, 2 0 ,3 0 -cGAMP were purchased from Axxora.
Commercially available reagents were used without further purification. T7 RNA polymerase was either purchased from New England Biolabs or given as a generous gift by the laboratory of Terrence Oas at Duke University. Phusion DNA polymerase was purchased from New England Biolabs. Chemically competent BL21 (DE3) Star cells were purchased from Life Technologies. Quinacrine dihydrochloride, herring testes DNA (HT-DNA), and SVPD was purchased from Sigma-Aldrich. L929 and HEK293T cells were purchased from ATCC.
In Vitro Transcription DNA templates for in vitro transcription were prepared through PCR amplification using Phusion DNA polymerase (New England Biolabs) from sequenceconfirmed plasmids using primers that added the T7 polymerase promoter sequence. PCR products were purified by a QIAquick PCR purification kit (QIAGEN) for characterization and application experiments. Templates were then transcribed using T7 RNA polymerase in 40 mM Tris-HCl (pH 8.0), 6 mM MgCl 2 , 2 mM spermidine, and 10 mM DTT. RNAs were either purified by a 96-well format for the candidate biosensor screen or by denaturing (7.5 M urea) 6% PAGE for biosensor characterization and use in quantitative assays. RNAs purified from PAGE were subsequently extracted from gel pieces using Crush Soak buffer (10 mM Tris-HCl [pH 7.5], 200 mM NaCl, and 1 mM EDTA [pH 8.0]). RNAs were precipitated with ethanol, dried, and then resuspended in TE buffer (10 mM Tris-HCl [pH 8.0] and 1 mM EDTA). Accurate measurement of RNA concentration was determined by measuring the absorbance at 260 nm after performing a hydrolysis assay to eliminate the hypochromic effect due to the secondary structure in these RNAs (Wilson et al., 2014) .
Expression and Purification of cGAS Enzyme N-terminal 6xHis-MBP-tagged full-length cGAS encoding plasmid was donated by the Doudna lab (Kranzusch et al., 2013) . Protein expression was induced in Escherichia coli BL21-RIL DE3 along with pRARE2 human tRNA plasmid (Agilent) with addition of 0.5 M isopropyl-thio-b-D-galactoside to Luria-Bertani media for 20 hr at 16 C. Cells were lysed by sonication in 20 mM HEPES (pH 7.5), 400 mM NaCl, 10% glycerol, 30 mM imidazole, 1 mM PMSF, and 1 mM Tris(2-carboxyethy1)phosphine (TCEP). The lysate was treated with DNase (Worthington Biochemical) for 30 min to remove residual DNA bound to cGAS. Clarified lysate was bound to Ni-NTA agarose (QIAGEN) and was washed with lysis buffer supplemented with 1 M NaCl. The bound protein was eluted using lysis buffer supplemented with 300 mM imidazole. The eluted protein was dialyzed overnight at 4 C in buffer having 20 mM HEPES (pH 7.5), 150 mM KCl, 10% glycerol, and 1 mM TCEP.
TLC Assay of cGAS Activity
Enzyme activity of recombinant full-length cGAS was assayed in buffer containing 40 mM Tris-HCl (pH 7.5), 100 mM NaCl, and 10 mM MgCl 2 (Sigma-Aldrich). cGAS (estimated final concentration 1.5 mM) or equal volume of water was incubated with activating ligand HT-DNA (final concentration 0.1 mg/mL) in the presence of 250 mM ATP, 250 mM GTP, and trace amounts of [a- spotted onto a PEI-Cellulose F TLC plate (EMD Millipore), and reaction products were separated with the use of 1.5 M KH 2 PO 4 (pH 3.8) as solvent. Plates were dried and radiolabeled products were detected by imaging the exposed phosphor screen using a Typhoon phosphorimager (GE Healthcare).
General Procedure for In Vitro Fluorescence Assays
In vitro fluorescence assays were carried out in a buffer containing 40 mM HEPES (pH 7.5 and 125) mM KCl. Other conditions, including temperature, concentration of MgCl 2 , DFHBI (or DFHBI-1T), ligand (or cell extract), and RNA were varied in different experiments and are indicated in the figures. The RNA was renatured in buffer at 70 C for 3 min and cooled to ambient temperature for 5 min prior to addition to the reaction solution containing DFHBI (or DFHBI-1T), buffer, and ligand. Binding reactions were performed either in 100 mL (96-well plate) or 30 mL (384-well plate) volumes and were incubated at the indicated temperature in either a Corning Costar 3915 96-well black plate or a Greiner 781077 384-well black plate until equilibrium was reached, which typically takes 30 to 60 min. The fluorescence emission was measured using a Molecular Devices SpectraMax Paradigm Multi-Mode detection platform plate reader with the following instrument parameters: 448 nm excitation, 506 nm emission for DFHBI or 470 nm excitation, 510 nm emission for DFHBI-1T.
cGAS Activity and Inhibition Assay
To initiate the enzyme reaction, 0.5 mL of HT-DNA was added to 2.5 mL of 63 enzyme reaction solution containing cGAS, GTP, ATP, and reaction buffer. In general, final concentrations are 100 mg/mL HT-DNA, 1.5 mM cGAS, 200 mM GTP, and 200 mM ATP in enzyme reaction buffer (40 mM Tris-HCl [pH 7.5], 100 mM NaCl, and 10 mM MgCl 2 ). The enzyme reactions are incubated at C for 2 hr. For the inhibition assay shown in Figure S2B , the reaction conditions are the same as described above except various concentrations of quinacrine was added.
To initiate the fluorescent biosensor reaction, 3 mL of the enzyme reaction was added to 27 mL of biosensor reaction solution containing renatured RNA, DFHBI (or DFHBI-1T), and biosensor binding buffer. Final concentrations are 200 nM RNA, 10 mM DFHBI (or DFHBI-1T), 40 mM HEPES (pH 7.5), 125 mM KCl, 10 mM MgCl 2 , and 0.13 enzyme reaction buffer (4 mM Tris-HCl [pH 7.5], 10 mM NaCl, and 1 mM MgCl 2 ). Fluorescence measurements were conducted as described above. For the inhibition assay, due to the intrinsic fluorescence of quinacrine, DFHBI-1T was used to decrease overlap in its excitation wavelength. Samples containing only quinacrine at various concentrations in the biosensor binding buffer were used for background fluorescence subtraction.
HTS Assay of cGAS Activity
For HTS experiments, reaction component samples were dispensed into a Grenier 781077 384-well flat-bottom black plate using an Eppendorf Repeater Xstream pipetter. Z 0 factors were calculated from 16-well replicates in the 384-well plate. For the cGAS activity assay, 0.5 mL of HT-DNA or water was added to 2.5 mL of reaction solution containing cGAS, GTP, ATP, and cGAS reaction buffer in each 0.2 mL PCR tube in two 8-tube strips (Bio-Rad). Final concentrations are: 100 mg/mL HT-DNA, 1.5 mM cGAS, 200 mM GTP, 200 mM ATP, and enzyme reaction buffer (40 mM Tris-HCl [pH 7.5], 100 mM NaCl, and 10 mM MgCl 2 ). After 2 hr incubation at 37 C, to initiate the fluorescent biosensor reaction, the total reaction solution (3 mL) was added in each well of the 384-well plate to 27 mL of biosensor assay solution containing renatured RNA, DFHBI, and biosensor binding buffer. Final concentrations are 200 nM RNA, 10 mM DFHBI, 40 mM HEPES (pH 7.5), 125 mM KCl, 10 mM MgCl 2 , and 0.13 cGAS reaction buffer (4 mM Tris-HCl [pH 7.5], 10 mM NaCl, and 1 mM MgCl 2 ). Fluorescence measurements were conducted as described above.
Biosensor-Based Determination of 2 0 ,3 0 -cGAMP Concentration in
Mammalian Cell Extracts L929 and HEK293T cells were maintained in DMEM medium with 10% fetal bovine serum in a humidified incubator at 37 C and 5% CO 2 . To introduce cytosolic DNA, transfections were performed using Lipofectamine 2000 (Invitrogen) using the manufacturer's protocol. Typically, cells were seeded in 175 cm flasks at 90% confluence (2 3 10 6 cells) in 25 mL of medium. The Lipofectamine (125 mL) was mixed with 250 mg of HT-DNA (10 mg/mL) or no HT-DNA (mock) in Opti-MEM to a final volume of 200 mL and incubated at room temperature for 30 min. The transfection mixture was added to the cell culture and incubated for 6 hr, then cyclic dinucleotides were extracted from three 175 cm flasks of cells ($6 3 10 6 cells, quantified in a Neubauer chamber using a bright field microscope) after brief trypsinization to detach them from the flask. The extraction procedure was performed as described in the section on E. coli cell lysates. Mammalian cell lysates were concentrated to a final volume of 30 mL using a vacuum concentrator and used immediately or stored at À20 C.
To initiate the fluorescent biosensor reactions, 2 mL (13), 5 mL (2.53), or 10 mL (53) of cell extracts (stimulated or non-stimulated) was added to a reaction solution adjusted to a final volume of 30 mL. Final concentrations are 200 nM RNA, 25 mM DFHBI-1T, 40 mM HEPES (pH 7.5), 125 mM KCl, and 10 mM MgCl 2 . Fluorescence measurements were conducted as described above. For experiments with SVPD, active (200 mU) or heat-inactivated SVPD (95 C for 5 min) was added to 2 mL (13 cell lysate) of cell extract and incubated at 37 C for 1 hr. The reactions were stopped by heating at 95 C for 5 min, rapidly cooled on ice, and then analyzed in fluorescent biosensor reactions.
To generate a standard fluorescence response curve in L929 cell lysates, known concentrations of commercial 2 0 ,3 0 -cGAMP in water were mixed with 1 mL of non-stimulated cell extract, followed by addition to a reaction solution adjusted to a final volume of 25 mL. See Supplemental Experimental Procedures for details on calculation. 
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